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The transfer of genetic information ftom RNA to DNA and 
^en tmck to RNA is a scheme characteristic of rettoviruses. 
Such a scheme provides a mechanism for the replication of 
RNAgenomes (reviewed in refs. 1*3). In exploring variations 
of an /n vitro transcription-based amplification system (TAS) 
(4), it was discovered that it was possible to devise a 
concerted, three-enzyme, in vitro reaction to carry out an 
isothermal replication of target nucleic acM sequences, anal- 
ogous to the strategy used in letroviial iv^ication* This 
reaction is a self-sustained sequence replication (3SR) system 
involving the collective activities (tf avian myeloblastosis 
virus (AMV) reverse transcriptase, Escherichia coii RNase 
H, and T7 RNA polymerase. The accumulation of both taiget 
nucleic acid*spectfic RNA and cDNA has been observed, 
quantitated, and characterized. Several aspects of this 3SR 
amplification protocol provide features not observed in the 
use of either the polymerase chain reaction or TAS protocols. 
These features and the parallels between the strategies em* 
ployed in the 3SR reaction and during retroviral replication 
are noted and discussed. 

MATERIALS AND METHODS 

Materials* AMV reverse transcriptase was purchased from 
Life Sciences (Saint Petersburg, FL); T7 RNA polymerase 
was from Stratagene;£.co/jRNaseHandRNase-ft€eDNase 
I were from Bethesda Research Laboit&tories. Oligonucleo- 
tides were synthesized by phosphoiamldate chemistry by 
using an Applied Bi osystems model 3S0A DNA synthesizer. 
Trisacryl beads containing capture oligonucleotides, which 
were used for sandwich hybridizations, were prepared sim- 
ilariy to those described previously (5). 



The iwbUcatiofi costs of Uiis article were defrayed in pact by pag^t charge 
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RNA Purification. Human immunodeficiency virus type 1 
(HIV-l) RNA was extracted in total RNA from HIV- 
1-infected OEM cells by the guanidinium isothiocyanate/ 
cesium chloride gradient procedure (6) and quantitated by 
comparative hybridization to standards of Known concentra- 
tion. 

3SR Reaction. One hundred-microliter 3SR ampliHcation 
reactions contained the taiget RNA, 40 mM Tris^HG at pH 
8.1, 20 mM MgCljt 25 mM NaCI, 2 mM spermidine hydro- 
chloride, 5 RiM dithiothreltol, bovine serum albumin (SO 
M8/nrt). 1 mM dATP, 1 mM dCTP, 1 mM dGlP, 1 mM dTTP, 

4 mM ATP, 4 mM CTF, 4 mM GTP, 4 mM UTP, 250 ng of 
oligonucleotide 88-211 (primer B, 5*-AATTTAATACGACT' 
CACTArAOGCATCTATTGTOCCCCGOCTOOTTTTOC- 
GATrCTA-3'), and 250 ng of oligonucleotide 88-347 (primer 
A. 5^ AAnyA ArACG4C?rACrArAGOGATOTACrrAT- 
TATGOTTTTAGCATT<3TCTAGTGA.3'). [Each priming 
oligonucleotide contains the T7 RNA polymerase binding 
sequence (italic) and the preferred transcriptional initiation 
site (boldface). The remaining sequence is complementajry to 
the target HIV4 sequence.] After heating at 65**C for 1 min 
and cooling at 37T for 2 min, 30 units of AMV reverse 
transcriptase, 100 units of T7 RNA polymerase, and 4 units 
ofE. coii RNase H were added to each reaction. All reactions 
were incubated at 3r*C for 1 hr or the amount of time 
indicated and stopped by placing the reaction on ice. 

Bead«Based Sandwfeh Qybrldizatfon. The 3SR amplifica- 
tion product and "P^-Iabeled oligonucleotide 87-81 (5'- 
AATTAGGCCAGTAGTATCAACTCAACT-3') wei« dena- 
tured in 30 Ml of 10 mM Tris, pH 8.1/1 mM EDTA at 65*C for 

5 min in an Eppendorf tube. To this, 30 ^1 of a solution 
hybridization mixture [lOx standard saline phosphate/EDTA 
(6)/10% (wt/vol)dextran sulfate/0.2% SDS] was added. The 
solution was mixed and incubated at 42<'C for 2 hr. 

Approximately 25 mg (wet weigjit) of Trisactyl beads 
containing oligonucleotide 86-273 (5'-AGTCTAGCAGAA- 
GAAGAGGTAGTAATrAGA-3') was prehybridized in 250 
III of hybridization solution (5x standard saline phosphate/ 
WthJXWo dextran sulfkte/0.1% SDS) in a 2-ml microcol- 
umn asoiab) for 30 min at 37^. The prehybridization solu- 
tion was removed, and 40 mI of fkesh hybridization solution 
was added to the beads, together with the 60 of solution 
from the solution hybridi?ation step. The beads were then 
incubated at 3TC for 1 hr with occasional mixing and then 
washed six times with 1 ml of 2x standard saKne citrate (6) 
at 37T. The radioactivity of the beads and the combined 
washes was measured by Cerenkov counting for 1 min. The 
amount of taiget detected was detennined by calculating the 
pementage of total radioactivity captured on the beads and 

Abbreviations: 3SR, seff-sustaiaed sequence replication; TAS, tnui- 
scriptton-based ampfification system; HIV4, human immunodefi- 
ciency vims type 1; AMV, avian myeloblastosis virus, 
n'o whom reprint requests should be addressed. 
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then multiplyiiig this peicentoge by tiic femtomoles of 
labeled oligoiiucleotides used for the hybridization. 

Nuclease 0Mloii, Samples of 3SR reactions were di- 
gested with RNase-firee DNase I in 50 mM sodium acetate at 
pH 6.5, 10 mM Mga2, and 2 mM CaQi in the presence of 
enzyme (25 Mg/ml) at 37*0 for 1 hr. Dictions were termi- 
nated by the addition of EDTA to 12.5 mM and were 
extracted once with an equal volume of phenol/chloroform 
prior to separation in a 5% denaturing polyacrytamide gel. 

0iTOet 3SR Tnmscript Seqnenchig, One hundred-microUter 
3SR reactions Were extracted once with an ecmal volume of 
phenol/chloroform, a^sted to 0.3 M sodiuni siceU^, and 
precipitated with the addiUon of 2.5 volumes M 100% etl»- 
nol. The reaction products were pelleted at l6,0QP Y^ g for 10 
min, rinsed with 70% (vol/vol) ethanoU and dried completely 
before being dissolved in 50 ixi of sUHrile H:^. Two percent 
of the transcript (derived firom a 10^-fold anipMc;ad<^ 
100 amol of target HIV) was sequenced (7) by using a primer 
complemchtary to the mitfor antisensc 3SR iRNA 
located withui the taigeted env region (5'-GACGTrCAATQ- 
GAAC-3'). 

cDNA cioahig and Seqnendng. The 3SR reactions were 
extracted once with phenol/chlorofonn, predpitated with 
ethanoU and converted into first- and second^strand cDNAs 
by the single-tube method first described by D*Alessio and 
Oerard (8). The second-stcand synthesis reaction was termi- 
nated by heatiikgt and the cDNA ends were repaked by tfie 
directaddiUonof20ttnitsofthelaigefira»nentof£,cotf 
polymerase I, followed by a 1.5'hr incubation at 22*€. 
End-repaired cDNAs weie extracted once witli one volume 
of phenol/cWoroforin and then precipitated (in the presence 
of 10 ug of ^yc0gen as a carrier) \Kdth 3 volumes of 1009^ 
ethanol* Fiecipitated cDNAs wtsne pho&pkofylated wnUi T4 
polynucleotide kinase (6), Hgated into pUC19 that had iMen 
cut with Sma I and treated witii phosphatase* and used to 
transform £. co/i strain MC1061. aSRclone^ntainlngtrans- 
formants were identified by colony hybridization by usUig a 
kim^ oligonucleotide probe. Clones were sequenced with 
a Sequenase dideoxy sequencing kit according to the manu- 
facturer's directions (United States Biochemical). 

RESULTS 

3SR Strategy and Ktoctiesof Amplifieatioa. The strategy for 
RMA leplication by the 3SR reacUon is depicted in Fig. 1. In 
summaryt a continuous series of reverse transcription and 
transcription reactions replicates an RN A taiget sequence by 
means of cDNA intermediates. The crucial elements of tius 
design are (1) as witii tiie TAS protocd* the oligonucleotide 
primers botii specii^ the target and contatn 5' extenstons 
encoding the T7 RNA polymerase binding site, so that the 
lesultant cDNAs are competent transcription templates (4); 
(fO cDNA synthesis can proceed to completion <tf both 
strands due to the degradation of RNA in tiie intermediate 
RNA-DNA hybrid by RNase H; and (in) tiie reaction prod- 
ucts (cDNA and RNA) can fimction as templates for subse- 
quent steps, enabling exponential repltcation. Itaring the 
initial stage* tiie 3SR reaction proceeds first to the formaiton 
of antisense RNA, as drawn in Fig. 1. This patiiway is 
attributable to the lack of a double-stranded DNA structure 
for tite T7 promoter, which would produce a sense iWA 
transcript (Fig. 1, step 6). Hiis situation predicts tiie produc- 
tion of antisense RNA as the fovored product in the imtial 
cycle of a 3SR reaction in which two T7 promo^rs are used- 
Such a 3 SR strategy has been apptied to tiie amplification 
of a 214-nucieotide region of tiie envelope gene («iv) of 
HIV-1, measured by using a bead-based sandwich hybnd- 
ization system, w^hich detects and quantitates the suigle- 
stranded RNA copies specie for this regk>n of env (9). 
Amounts of HIV-1 RNA fircm 10"* to 10"^ finol were 
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FiQ.l. Strategy of tiie 3SR scheme. The 3SR reaction depends 
on a conUnuoos cycle of revenw tianscriptior and ^iw^ 
leactions to mUcate an RNA taign by m^anp <^^^ 
ates. OUgonuckiotides A and B prime DNA synthesii and encode tiie 
promotersequenceibr ttieT? RNApplyineifi^^ 

1-6 depict m l*iS?5'<^:SJ'»^^?^^^^ 

uanscHptiQn tei«iliAe I6r T? m^0m0fm^^ 
syntiiMis is depended on the dU^stlpn qr 
diate RNA^PNA tobr^ 
competent i^KAs yieldlatiieiiM^ 

(8tep7, ritftt). TTiesetrwsMipts are converted to cDNMiWteii^ 
double-stranded pmmoten on botii ends in an mveiled repeat 
orienbrtion (steps 7-12). These cDN As can yield eithw sen^ w 
antisense RNAs, which can reenter tiie cyde. Thin hnes, RNA; duck 
tines, DNA; RT, reverse transcription. 

repticated in a 2-hr 3SR reaction, and tiie 3SR RNA products 
weie measured by bead-based sandwich hybiidizatton sys- 
tem as a ftinction of time (Ffg. 2A). Wttitin tiie fir^ 15 ndn* 
each of the uiput HtV-l RNA target concentrations was 
increased lO'-fold, followed by a 90^fold inmase over the 
next 105 min. Inteiestingly, during tiie first 10 min CRfrM 
Inset), tiie amount of 3SR RNA products uiciemd «10^d 
every 2.5 min. The slower rate ^replication obs^ed after 
tiie first 10 min does not appear to be atoibutable to the 
accumulation of tatget-spe^c innoducts of the reactton, 
since the rate of ampUHcation decreased tiie same time f^ 
aU uutial target concentrations, Ihe initiaS exppnentml ia^ 
inciease In the copy number of this env regioa is consistent 
with a r^>eat6d cyeluQg mechanism for the 3SR tertian in 
which theproductsflmctionas templates, as pred^edinFlg. 
1. In addition, tiie reported aO) mootimal initiation rale (^tiie 
T7 RNA polymerase (0.g initiation per second p^ temiWe) 
smpeaiB to be too slow to produce the levds <€RNA product 

observed wltiiin tiie fim 15 mm of the 3SR reac^. hi the 
absence of an iacrease in the number of tmplates during the 

reaction. The efildency of tiie 3SR reaction is affected only 
slidiUy by the uiitial concentration of HIV-l RNA, &s is 
observed when 3 x ltf*.and9 x io<>-foldamplificatioiuwm 
produced ftom 10"* and 10"* find of input target HIV-1 
RNA, respectively. ^ 

ChttnctiSBrtlBttof3mAwqiB^^ 
sustained cyclical reacticm predicts tiie aocumulaticm of RNA 
I»odttcts.prmdpidly due totiw efficiency of the tn^av^ 
steps, but also due to singl«- and double-stranded DNA 
copies of tiie original tafget RNA sequence. ^^^^ 
products of the 3SR reaction have been characterized (Fig. 
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PtG. 2. Acciunuiation and quanUtiOimi of RNA and cDNA prodiicts of 3SR fractions over time. (A) The kinetics of antisense RNA 
accumulation is denicmstiitted a9 iiie^iiied by a head^based sandwich hybii^ization system* Each point feprescnts th<^ average of four 
experiments, ami the staoMI 4eyiitioa is inaitmteil hy th« ^ner bars. Hie input tatget, sense RNA» was quantitated by conipaiative 
hybiMiaEBiioii with which was qiiwtiUited specti^p (Imt) RcimN obtained Iftoin two 3SR reactions; the 
starting iiiy4 target RNA coii^^ 1 fimol for fiiiM points iof t*^ niin and 04 fhiol for 5^5 min. The fo|d amjiflification pifesented at 
each thhe point is U ' ' * — ..... . . . ^ ... 

(245 basie pain) or t _ ^ , 

taiget, with 250ngof ^P«iid-labM blj«fDnu 

The piodacts wer^ eie^ii^iiiQ^^ 31*m{n rowtfon were 

excised* the aiiKiiMitof S^d the aihountoflabeledcDMA wascatcuhited to bie pmol. nt, Nucleotides. 



rget RNA coi^eoijwtiQto 1 fhioi for ti|)|e points iof l^nm and 04 fmol for 5^5 min. The fo|d amplification pifesented at 
I ith$ aveiav^t of M if^P^riinmito^^^ (D The accMMlation with thiie of label^ cDNA products cohtainfiig either one promoter 
v ^ preaiotare (266 base pairs) In a 3$R naction Is shown. The leaetfon was initlatiMl with 50 amol of fiIV-1 RNA as the 
|of ^P«iid-labded oij«Dnuelisoti4e^S^ 



20). cDMAs of a piewrilHtd l^sj^ m defined by the posi- 
tionsof tWQipfrime!n«i^ tht course of the 

leactibn. Wheip hva jirin^ were 
used in amiriiQfiiig 50 aitaol cfifil>^llt^ of the 3$R 
priniers (piim^ cDNA 
products observe^ were Z45 (214^1^^ sequence + 
27-biuw ir7 sequence 4^base trimscfi^on start sequence) 
an426|lil C>Qtnei^^ -f 2LtHise T7 sequenc^ 

bases Ui Jeiij^ (Fig, 29). The 245^base cDNA presuouibly 
lesuits firom the extetislon of jirioier B on an antiseinu* 
transcript UHg. 1, step 9 (antisense)]. After degradation of the 
RNA in the RNA*DNA hybrid and the subsequent annealing 
of primer A» the cDNA can extend to the M Z^base leng^ 
(Fig. 1, step 12). 

An estimate of the average transcriptional efficiency of the 
3$R reaction can he made by comparing the amplification of 
RNAto that of DNA. When the cPNA products containing 
one or two T7 

amide gel, the aiiiount of radioactivity incorponufed was 
assayed (Fig. 20), «nd the amount of amplification was 
calciilaicd by usiitt the specific activity of the ^^labeled 
primers, at least l(r*fbid cDNA amplification could be mea- 
sured as a result of these reacdons. When conq^ared tc the 9 
X IQ^fold levels of RNA iKToduced fhmi the same type of 
reaction, this productivity in the yield of cDNA indicates 
that, on the average, each cDNA template dire^ the syn- 
thesis of a minimum of 90 copies of detectable RNA during 
the 3SR reaction. 

The RNA products from the 3SR reactions have been 
analyzed. In the case <tf the amplification of the 214- 
nucleotide legion of the HIV-1 env gene, DNase digestion of 
the 3SR reaction products revealed antisense RNA that is 245 
nucleotides in length (Fig. 3A). Full4ength RNA products 
fiom these 3SR reactions contain the sequences compleme£i- 
tary to.the 17 promoter sequence at the 3' end of the 
tranMsript (Fig. 1), sq that the 245 nueieoti^s represent the 
combined lengths of the HlV-1 (214 nucleotides), T7 (27 
nucleotides), and transcription st rt (4 nucleotides) se- 



quences (Fig. 3A). Nuiherdus RNA products were also 
observed tbat were less thian fiiU length but hybridj2sed with 
the HIV-1 env-specific probe. The fidelity of synthesis of 
these product RNAs to the bri^nal target sequence was 
partially verified by a diiect sequencing reaction (7) using % 
^^-labeled internal primer (Fig. 30), which yielded the 
expected sequence from the HIV-1 env region (9). Interest- 
in^y, when a ^^-labeled probe specific for the detection of 
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Fig. 3. Characterization of 3SR RNA and DNA products by 
Southern hybridization and nucleotide sequencing. (A) An autora- 
diqgf^h of a 5% denaturing polyacryfaunlde gel sho w$ the results of 
a 3SR reaction afker 20, 30, 45, and 60 mui into the teaction, before 
and a^digestion with PNase I. Digested and undigested pfoducts 
were analyzed by Southern blot ai^ysts (6) using oligonucleotide 
88-296 as the labeled probe (5'-ACAOTACAAT(3TACACATO* 
GAATrA(KK:CA-3'). Sizes of the bands (in nucleotides) are indi- 
cated. (0) IMrect sequencing (7) of the antisense RNA transcript from 
a 3SR reaction. The pcMtion shown reads 5''T(SGAArrAG0CC:A(}' 
TACiTATCAACrrcAACmcrrGrrAAA-3' and is tiie exact match 
f€ft the HlV-1 sequence described by Ratner et al (9) fnm residues 
6S48to6586. 
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sense-strand RN A was used in a hybridization, lOOhfold less 
sense-strand RNA was detepted th^ ai|tisense RNA (data 
not shown). The mecluuiism by which one i^ 
the greatest production of RNA is partfaiiy expUnned by 
measuring the tnmscriptional efli<;iency of leach promoter 
independently. The results of this measurement indicated ah 
S-fold difference in the ability of the two promoters to 
produce RNA transcripts from this region, in favor of the 
antisense T7 promoter (data not shown). 

Nucleotide sequence characterization of the products of a 
3SR re^tfph reveals tniiii;^^ ten indUvidual 

donesderiye4ft!Qmil^^ 
been anaiy2^, and Qi^ycbntaini^ 
fcmns of the predicted sequence 
clones (97, 116, iand 125) ^ipcKU'cii^^ 
cycle of 3SR replication. Aithoiii|i^:^;i^^^^^ 
detenniine the degree to wl^ch tbes^^ 
torn cloning artifeicts versus thb mpU^^ 
shorter' prbducts are seen in Fig. 3; iSyo^^^ v the 
sequence of the 3SR clones (121 and llB) are^^ m 
compared to the original HIV4 sequence of this rejgion. Such 
variations from die parent sequence are presumably the 
result of the mismatch error properties of both the reverse 
transcriptiEise and T7 polymerase. 

Influence of i?. eoU RNase H on RNA Fhiducto of 3SR* RN A 
products that are less than ftill length appear to result, at least 



m part, from IU!!l£^ H i 



oh during |^e 3$R |^^ 



with a-labeieii Crr^ 

united <nP, then RNA^a^ ni^lei^es^ 
(full Itnglth^ incliidii^^^^a^^^^^ 
quence ^ttjtlie'S'rei^^^ 
were rethcubaledvi^th 17^]^ 
a truncated RNA of »3Q9 |iuc^ 



end of the hiolecule; whM^lil^^ 

pleic^lipyi^^ 
be reiMleriNi imiii^jsUb^ 

syhthi^jMs,'. / .. ■ , ,;: : ...:,,.;,j:Mmnm'^^^^^^^ 

The^^ipphi^ 
truh<3ttpiisi^^^^^^ 
suppc»rted;tp^ 
uct$ detect!^ by^^^j^^^ 
3A) reyefided sevei^ 

represent both incomplete transcript WeU au^ dt^jiB^^ 
pioducts. 

DISCUSSION 
As a practical amplification strategy, the 3SR protocol is 
suited to the specific detection and quantification of RNA 
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Fig. 4. The efifect of £. coli RNase H during a 3SR reaction and nucleotide sequence analysis of cloned 3SR products. (A) A map of 10 isolated 
and sequenced cDNA clones derived from a fiO-min 3SR reiaction is illu'stiated. The taigeted poftion of the HIV-1 env legton Is shown at the 
top of the figure (9). The env region is demarked by primers 88-211 and 88-347, each of which contains 27 base pairs (bp) of a cotnensus T7 
RNA polymerase binding sequence (PBS), and the corresponding taiget-coniplementary sequences (TCS). IKflfeienoes between the cloned 
sequences aodthepubfished sequences are indicated. (i>) Products ofa60-ntin3SR reaction (0 

were reincubated in 3SR buffer contatnhig 0.5 mM OTP, 0.5 mM ATP, 0.5 mM UTP, 6 §M unlabeled CTP, 10 ftCi of tof «nCTP (800 Ci/mmol; 
1 Ci = 37 GBq) as weB as 0.5 niM dATIP, 0.5 mM dGTP, 0.5 mM dTTP, and 0,5 mM dCTP. The 
cooled to 37X: for 1 min prior to the addition of 100 units of T7 RNA po)>rmeTase and 4 uni 

reverse transcriptase and 100 unite of T7 RNA polymeiase (lane B). or 100 units of T7 RNA polymerase (lane Q. The reactions were ucubated 
for 15 min at 37t:, followed by the addition of 0.1 nmol of unlabeled CTP, with continued incubation at yrC for another IS min. After lemoiral 
of the unincorporated label, 1% of the reaction was resolved on a 6% denabiring polyacrylamide gel before auUnadioitraphy. Sizes of the bands 
(in base pahs) are mdicated. 
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sequences. The in vitro 3SR reaction operates at 37^ and, 
consequently, temperatures required to denature double- 
stranded DNA are i|ot enqiloyed, unlike both the TAS (4) and 
poiymenise chahi reaction (11) prqlocols. Under these con- 
ditions, double-stranded DNAs would fail to fUncdon as 
ampUfication templates, renderintgSSR ideal for assessing the 
transcriptional activity of specific genes. However, DNA 
tenqylates liave been amplified by using this 3SR reaction, 
with efSciencies equivalent to those observed for RNA 
templates (data not showiO by the inclusion of adenaturation 
step at thiP Qutsel of theprpto^l. A s^^ 
reaction distinct ftoni the well*^used iKiiynierase chain reac- 
tion protocol is the rapid kinetics observed in the 3SR 
reaction. To achieve the W-fold amplificatibh bbse^ in 
the first 15 min of the 3SR reacsHon, ia poiya^^ chain 
reaction would require 8S min, even if one assumes a per- 
cycle time of 5 mhi and a perHsycle efHciency of 100%, 

Also of practical importance is the liiidii^ that 3SR can 
operate effi^ctively if only one printer contains the T7 pro- 
moter (data not shown). The effecfivehess of 3SR reactions 
employifV only one printer encodiog the T7 promoter indi- 
cates that, in contrast to the genomic RNA of retroviruses, it 
is not necessary for 3SR RNA products to encode a promoter 
sequence on their 3' ends* This 3' RNA structure is required 
for retroviral replication in order to solve the problem of 
promoter-sequence loss during transcription (12). In the 3SR 
reaction, this RNA structure is unnecessary because the 
primers themselves bring the promoter sequence into the 
cDNA molecule. 

The in vitro exponential amplification of a rogion of the 
HIV-1 genome using three enzymatic activities that are found 
in all cells Infected with retroviruses suggests that the accu- 
mulation of multiple viral DNA copies found In such cells 
may be due to an intracellular, 3SR*like mechamsm. In 
chronically infected cells and biopsied lymph node tissue, 
HI V-1 accumulates long-lived, unltttegrated, vual DNA cop- 
ies, predominantly in linear forms (13). The presence of such 
multiple copies of unintegrated vubI DNA has also been 
reported in duck cells infected in vitro with B77 (14), spleen 
necrosis vims-infected avian cells (1$)^ avian leukosis virus- 
infected cells (16. 17), as well as in bone manow cells of cats 
infected with a feline leukemia vhrus variant that causes a«. 
AIDS-like Illness (18). The accumulation of such um'nte- 
grated viral DNA copies has been correlated with the cyto- 
pathic effects observed for avian leukosis virus <16); in feline 
AIDS, the appearance of a variant form of unintegrated DNA 
correlates with the onset of disease (18). The origin of 
htgh-copy-number, unintegrated viral DNA is unknown, but 
Wral DNA can be derived firom either multiple infections of 
the same host cell or the reverse transcription of newly 
transcnbed, fiill-leogth viral RNA. The multiple reinfection 
of the same host cells Is an unlikely explaiution for the 
accumulation of HIV-1 viral DNA in vivo because otthe low 
number of ceUs infected and their tow level of RNA expres- 
sion (19). Intracellular cycles of reverse transcription and 
transcription, however, could result in viral DNA accumu- 
lation, even with low-level RNA expression, by means of the 
process exemplified by the in vitro 3SR reaction. 

The parallel between the in vitro reaction and the 
fvoduction of viral DNA also opens to speculation the role of 
RNase H in both of these systems. R&tsoviral RNase H is 
considered to be the enzyme responsible for the digestton of 
RNA*DNA hybrids, so that second-strand cDNA synthesis 
can occur. For murine leukemia virus, replication is depen- 
dent on reverse transcriptase-associated RNase H (20). Yet, 
neither AMV nor murine leukemia virus RNase H can 
efficiently catalyze the 3SR reaction without supplementa- 
tion by E. coli RNase H (data not shown). Traditionally, 
retroviral RNase H has been believed to be a processtve 
exonuclease, requiring free ends ('^1-23), althou^ recent 
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evidence si^sts endoribonuclease activity as well (24). £. 
coii RNase H is an endoribonuclease (25). By analogy to the 
E, coii RNase H dependency of 3SR, it is interesdrig to 
speculate on the role that the host-ceU RNase H, an endo- 
ribonuclease like that of coii (22), may pky in retroviral 
replication. 

The eariy evolution of reverse transcriptase activity has 
been pr£^>osed as an important event durii^ the transition fiom 
an eariy-RN A to present-day DNA worid (26). The coupling of 
reverse transcription to transcription creates a system for 
information tnmsfer between two classes of macromolecules, 
RNA and DNA. The ease with which the repetitive cycling of 
this process can occur in vitro^ ca^yzed by only three 
enzymes, suggests that it may have played an eariy role in the 
evolution of nucleic acid replication strategies. 
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